Motivated by the measurements of b → sℓ + ℓ − transitions, including R(K) and R(K * ), we examine lepton flavour (universality) violation in B decays and its connections to µ → eγ in generic leptoquark models. Considering all 10 representations of scalar and vector leptoquarks under the Standard Model gauge group we compute the tree-level matching for semileptonic b-quark operators as well as their loop effects in ℓ → ℓ ′ γ. In our phenomenological analysis, we correlate R(K), R(K * ) and the other b → sµ + µ − data to µ → eγ and b → sµe transitions for the three leptoquark representations that generate left-handed currents in b → sℓ + ℓ − transitions and, therefore, provide a good fit to data. We find that while new physics contributions to muons are required by the global fit, also couplings to electrons can be sizeable without violating the stringent bounds from µ → eγ. In fact, if the effect in electrons in b → sℓ + ℓ − has the opposite sign from the effect in muons, the bound from µ → eγ can always be avoided. However, unavoidable effects in b → sµe transitions (i.e. B s → µe, B → Kµe, etc.) appear that are within the reach of LHCb and BELLE II.
Introduction
The LHC completed the Standard Model (SM) of particle physics by discovering the Higgs boson but it did not yet directly observe any particles beyond the ones already present in the SM. However, several measurements of b → sµ + µ − transitions in recent years have lead to a tension with SM predictions. Due to an intriguing pattern in these anomalies it is tempting to interpret them as an indirect hint for new physics (NP) [1] [2] [3] . Taking this approach and including the new LHCb result [4] for R(K * ) = (B → K * µ + µ − )/(B → K * e + e − ), measuring lepton flavour universality (LFU) violation, the global significance for NP increased above the 5 σ level [5] . In addition, the combination of the ratios R(D ( * ) ) = (B → D ( * ) τ ν)/(B → D ( * ) ℓν) also differs by 3.9 σ from its SM prediction [6] . All together, this strongly motivates us to examine LFU violation in semileptonic B decays in the context of NP. Since b → sℓ + ℓ − processes are semileptonic, leptoquarks (LQ) provide a natural explanation for these anomalies (see, for example, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ): They give tree-level contributions to these processes but contribute, for example, to ∆F = 2 processes only at the loop level, therefore respecting the bounds from other flavour observables. Furthermore, since in R(D ( * ) ) an O(10%) effect compared to the tree-level SM is needed, a NP tree-level effect is also required. Here, LQ are probably even the most promising solution (see for example [8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ). In fact, in Ref. [15] , a model for a simultaneous explanation of b → sµ + µ − data together with R(D ( * ) ) has been proposed which is compatible with the bounds from B → K ( * )ν ν, electroweak precision data [27] and direct LHC searches [28] . Interestingly, LQ also provide a natural solution to the anomaly in the magnetic moment of the muon due to the possible enhancement by m t /m µ through an internal chirality flipping [19, [29] [30] [31] [32] .
The model independent fit to R(K) and R(K * ) allows for NP contributions to electrons or muons separately, but also to both simultaneously [33] [34] [35] [36] [37] . Once the other data on b → sµ + µ − is included, NP in muons is required but is only optional for electrons. However, the best-fit value suggests a simultaneous NP contribution to electrons as well [5, 33, 38] . It is well known that once LQ couple to muons and electrons simultaneously, they give rise to lepton flavour violating B decays and to µ → eγ [10] (see Fig. 1 ).
Both µ → eγ and lepton flavour violating B decays with µe final states are experimentally very interesting and precise upper limits for these processes already exist. For µ → eγ, the current experimental bound, obtained by the MEG Collaboration [39] , is
and MEG II [40] at the Paul Scherrer Institute (PSI) will significantly improve on this bound in the future. Concerning lepton flavour violating B decays with µe final states the current limits are [41] Br
Also here, LHCb and BELLE II will improve on these bounds in the near future.
In this article we examine the interplay between b → sµ + µ − processes, R(K ( * ) ), µ → eγ and b → sµe processes in detail considering LQ. For this purpose, we will take into account all 10 representations for scalar and vector LQ under the SM gauge group.
The article is structured as follows: In the next section we will fix our conventions for the LQ interactions and calculate the contributions to b → sℓ + ℓ − transitions and µ → eγ. We use these results in Sec. 2 to perform a phenomenological analysis for the three LQ representations that give a good fit to b → sµ + µ − , considering the most constraining processes with electrons and muons in the final state. In Sec. 4 we briefly comment on τ -e and τ -µ transitions before we conclude. The appendix presents the complete tree-level matching of the 10 LQ representations for semileptonic B decays (see also Ref. [11, 42] ) and their contributions to all ℓ → ℓ ′ γ processes.
Model and observables
The possible representations of LQ under the SM gauge group were first categorized in Ref. [43] . There are five scalar LQ with the following quantum numbers:
These new scalars couple to SM fermions in the following way:
Here we assumed that lepton number and/or baryon number is conserved. This forbids couplings of LQ to two quarks (which are in principle allowed by gauge invariance) and ensures the stability of the proton.
Concerning vector LQ there are also five representations under the SM gauge group with charges
These new massive vectors couple to fermions via
Again, we assume the conservation of lepton and baryon number. Even though massive vector bosons are not renormalizable without a Higgs mechanism, we will not specify the scalar sector. As we will see later, this is not necessary for our purpose because the new Higgs sector can be decoupled. We point out that this only works because ℓ → ℓ ′ γ is finite in unitary gauge. Let us now turn to the calculation of the most relevant observables, b → sµ + µ − , b → se + e − , b → sµe, and µ → eγ. For reasons explained at the end of this section we set the right-handed couplings of LQ to fermions to zero. Furthermore, here we give the results solely for the phenomenologically interesting representations, Φ 3 , V µ 1 and V µ 3 . Only they give a good fit to b → sℓ + ℓ − data as they generate left-handed currents. The complete tree-level matching (including right-handed couplings) for all LQ representations and all semileptonic B decays and ℓ → ℓ ′ γ processes can be found in the appendix.
Starting with b → sℓ + ℓ − transitions we use the effective Hamiltonian
restricted to operators with left-handed couplings:
The Wilson coefficients C f i 9(10) can then be expressed as
with the leptoquark mass M . The complete results for the Wilson coefficients originating for the 10 representations of scalar and vector LQ are given in the appendix. In order to constrain the Wilson coefficients C ee,µµ 9(10) we use the global fit of Ref. [5] to b → sℓ + ℓ − data. For the b → sµe transitions we use the results of Ref. [44] :
(2.9)
(2.10)
Note that these results are for µ + e − final states and not for the sums µ ± e ∓ = µ − e + + µ + e − that are constrained experimentally [41] . Let us now consider the lepton flavour violating processes µ → eγ. Evaluating the loop diagrams depicted in Fig. 1 for the three leptoquark representations in which we are interested, we find the branching ratios
(2.12)
The complete formula for all leptoquarks is given in the appendix. Here we did not follow the approach of Ref. [45] but rather calculated the effect in unitary gauge which gives a UV finite result. Note that this is possible since the remaining Higgs sector (or additional composite dynamics) can be decoupled such that it does not affect µ → eγ.
In general, LQ can also account for the anomalous magnetic moment (AMM) of the muon [19, 24, [29] [30] [31] [32] [45] [46] [47] [48] [49] [50] . However, this would require chirally enhanced effects which also enhance ℓ → ℓ ′ γ processes. This enhancement is so large, that µ → eγ would rule out any effect in electrons in b → sℓ + ℓ − transitions if one accounted for the AMM of the muon [32] . Therefore, we will assume the absence of chiral enhancement in our phenomenological analysis and assume that the LQ couple only to left-handed fermions.
In principle also contributions to µ → 3e arise at the one-loop level in LQ models with couplings to µ and e. While the box contributions are suppressed by four small LQ-quarklepton couplings (as estimated from the b → sℓ + ℓ − anomalies) Z penguins are potentially important. They can lead to branching ratios of the order of 10 −15 which is interesting in the light of the future expected sensitivity [51] . This is due to the contribution of internal top quarks leading to an enhancement m 2 t /m 2 Z . However, the same Z penguin also generates effects in µ → e conversion. In this case also tree-level effects can arise, depending on the couplings to the first generation of quarks. We postpone a detailed analysis of these effects to a forthcoming publication.
LQ also contribute to b → sνν and b → cℓν transitions. For muons and electrons, these processes do not give relevant constraints. However, they are in general important once tau leptons are involved and the corresponding formulae are given in the appendix.
Phenomenological analysis
As stated above, we focus on the three LQ representations that can give a good fit to b → sµ + µ − data for the phenomenological analysis : Φ 3 , V µ 1 , and V µ 3 . In addition, we assume that the couplings to right-handed fermions vanish such that all three representations give a pure C 9 = −C 10 -like contribution. Furthermore, we neglect the couplings of the LQ to the first generation of quarks. If one takes the deviations from the SM predictions in b → cτ ν processes seriously, the mass scale of the LQ should be around 2 TeV for perturbative couplings. However, b → sℓ + ℓ − data can also be explained for much heavier LQs (above 10 TeV) if the couplings are sizable.
Once the LQ couple to muons and electrons simultaneously, we get correlated effects in µ → eγ, B s → µe and B → K ( * ) µe. Combining (2.7) and (2.12) with (2.9) and (2.11) we can express the lepton flavour violating branching ratios in terms of the Wilson coefficients C µµ 9 and C ee 9 as Here we defined the ratios χ = y 32 /y 21 and γ = y 21 /y 22 , with y = λ for scalar LQ and y = κ for vector LQ.
Note that the constraints from µ → eγ on the scalar LQ triplet is weakest, resulting in the biggest allowed region in parameter space and that the effect in b → sµe transitions does not depend on the specific representation. Our results are shown in Fig. 2 for various values of χ and γ. Interestingly, for real couplings, there is a cancellation in the contributions to µ → eγ if sgn C µµ 9 = − sgn C ee 9 . This means that if, in the future, the global fit required equal signs for C µµ 9 and C ee 9 , a LQ explanation (with real couplings) of the anomalies would be ruled out. Furthermore, the predicted rates for B s → µe, B → Kµe and B → K * µe are within the reach of LHCb and BELLE II. In Fig. 2, we only in our C 9 = −C 10 setup.
τ -µ and τ -e transitions
Once one allows for couplings of leptoquarks to tau leptons as well, τ -µ and τ -e transitions are also generated. The corresponding processes are experimentally much less constrained than µ-e transitions. In fact, the most constraining processes involving tau flavours are B → K ( * )ν ν which include tau neutrinos. In order to generate measurable effects in processes with charged tau leptons, the corresponding effect in neutrinos must be absent or suppressed. The only single LQ representation which gives a good fit to b → sµ + µ − data and does not generate effects in b → sνν is the vector singlet V µ 1 . However, this LQ has the same tree-level phenomenology as the combination of a scalar singlet and a scalar triplet studied in Ref. [15] . Furthermore, since in the absence of right-handed couplings τ → µγ and τ → eγ are not important, we refer the reader to Ref. [15] where the interplay between b → sτ µ, b → sνν and b → sµ + µ − processes is shown.
Conclusions and outlook
In this article we have studied the possibility that LQ contribute to b → sµ + µ − and b → se + e − processes simultaneously in order to explain the hints for LFU violation in R(K) and R(K * ), generating lepton flavour violation as well. We calculated the tree-level matching for semileptonic B decays for all ten (five scalar and five vector) LQ representations and their effects at one loop in ℓ → ℓ ′ γ.
In our phenomenological analysis, we considered the three LQ representations (Φ 3 , V µ 1 and V µ 3 ) giving a good fit to b → sℓ + ℓ − data. In this setup, we found an interesting interplay between b → sℓ + ℓ − , µ → eγ and b → sµe processes, showing that the current constraints are within the same ballpark. The amount of tuning between the electron and the muon coupling of the LQ required by µ → eγ depends on representation chosen as well as on the ratio χ. In general, the effect of the Φ 3 in µ → eγ is smallest and therefore less tuning is required than for the other LQs. Interestingly, if forthcoming data requires NP contributions to electron and muon channels simultaneously, there are also very good prospects of discovering non-zero decay rates for processes like B s → µe or µ → eγ with measurements in the near future. Furthermore, (for real couplings) one could rule out a LQ explanation b → sℓ + ℓ − if C µµ 9 has the same sign as C ee 9 since this is in conflict with µ → eγ bounds. . We thank Toshihiko Ota and Giovanni Marco Pruna for checking the sign of the Wilson coefficients originating from the tree-level matching. We also thank Giovanni Marco Pruna for useful discussions and pointing out the consistency of the calculation of µ → eγ in the unitary gauge. 
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leptons completely generic in the following form, for the various representations is given in Table 1 . Here, we chose to work in the down basis, i.e. CKM rotations appear in the couplings once interactions with left-handed up quarks are present. All other rotations necessary to go from the interaction to the mass eigenbasis are unphysical and can be absorbed into a redefinition of the couplings. 
The Wilson coefficients originating for the ten representations of scalar and vector LQ are given in Table 2 . Each entry should be understood to be multiplied by a factor
For i = f , we also get contributions to lepton flavour violating B decays. Note that the results in (5.3) and (5.4) are for ℓ − ℓ ′+ final states and not for the sums
Here, we match the Wilson coefficients on the effective Hamiltonian defined as
with the operators given by 
The results for the corresponding Wilson coefficients are given in Table 3 where the overall factor
is omitted. The ratios between the measurements of B → K ( * )ν ν and the SM
are currently much larger than one.
b → cℓν
For completeness, we also consider the charged current effective Hamiltonian 
The Wilson coefficients expressed in terms of the LQ couplings are given in Table 4 , with an overall factor
omitted. Considering only couplings to muons and electrons, the effects in B → D ( * ) ℓν are below the percent level once the constraints from b → sℓ + ℓ − are taken into account and therefore phenomenologically not relevant. Working with a generic charge Q for the quark propagating in the loop, we obtain for a vector LQ, where y q j = m 2 q j /M 2 and C R is obtained from C L by exchanging L with R. The explicit expressions for C f i L and C f i R for the various representations after summing over the SU (2) components are given in Table 5 .
